We use a Ge-Si core-shell nanowire to realise a Josephson field-effect transistor with highly transparent contacts to superconducting leads. By changing the electric field we gain access to two distinct regimes not combined before in a single device: In the accumulation mode the device is highly transparent and the supercurrent is carried by multiple subbands, while near depletion supercurrent is carried by single-particle levels of a strongly coupled quantum dot operating in the few-hole regime. These results establish Ge-Si nanowires as an important platform for hybrid superconductor-semiconductor physics and Majorana fermions.
INTRODUCTION
Combining low-dimensional mesoscopic semiconductors with superconducting leads results in a special class of Josephson junctions where the charge carrier density and the critical current of the junction material can be changed by an applied electric field [1, 2] . In the quantum regime, the energy levels of the semiconductor become discrete and superconducting transport is therefore carried by a well-defined number of modes [3] . An even more interesting situation arises when charge is localised on the semiconducting junction, resulting in a quantum dot coupled to superconducting leads. In these hybrid devices, the discrete levels in the dot are well resolved and their interaction with the macroscopic wavefunction of the superconductor depends on the strength of the coupling between the dot and the leads [4] . A renewed interest in these hybrid devices has been sparked by proposal from [5] where it is predicted that a chain of several strongly coupled superconducting nanowire quantum dots results in a system which contains Majorana zero modes that are highly robust against disorder.
Interaction between quantum dots and superconducting leads has been explored in a range of experiments performed on e. g. carbon nanotubes (CNTs) [6] [7] [8] [9] and graphene [10] [11] [12] [13] [14] showing Kondo physics [15] [16] [17] as well as Andreev bound states (ABS) [17] [18] [19] . InSb [2, [20] [21] [22] [23] , InAs / InP nanowire devices [24] [25] [26] and to a lesser extent PbS nanowire devices [27, 28] embody other successful platforms for studying quantum dots with superconducting leads. Germanium and/or silicon systems, however, are still relatively unexplored [29] [30] [31] .
In this work, we use Ge-Si core-shell nanowires with diameters under 25 nm, exhibiting a very low defect density which allows us to form intentional quantum dots over serveral hundereds on nanometers [32] . These nanowires have proven to be a versatile platform for spinbased experiments in normal-state quantum dots [32] [33] [34] [35] [36] [37] [38] [39] . Furthermore, they have an electric-field tunable gfactor [37, 40] and are predicted to exhibit an exceptionally strong spin-orbit interaction [41] . When combined with superconductivity, this makes these wires highly suitable for observing Majorana zero modes [42, 43] . However, it has proven a challenge to obtain strongly coupled superconducting contacts and experiments in this field have therefore been limited [29, 31] .
We use a non-trivial but straightforward fabrication technique to obtain highly transparent superconducting contacts from Al to Ge-Si nanowires and show a Josephson field-effect transistor (FET). Next, we observe two regimes in the junction's current-voltage relation as a function of applied electric field: (1) a highly transparent Josephson junction (JJ) regime [44] with multiple subbands contributing to transport, and (2) a superconducting quantum dot (QD) regime near depletion, with lower interface transparencies where superconducting transport takes place through a strongly coupled quantum dot [4] operating in the few-hole regime. For the first time we show access to both regimes in a single device. Additionally, this is the first observation of proximity-induced superconductivity in a few-hole quantum dot.
DEVICE AND MEASUREMENT SETUP
A scanning electron microscopy image of the device is shown in Fig. 1a where a Ge-Si core-shell nanowire with a diameter of 20 nm lies on top of 100 nm of SiO 2 covering the p ++ Si substrate which serves as a backgate. We use electron-beam lithography and metal evaporation to define contacts with a 50 nm thick Al layer compatible with a 4-terminal measurement configuration. Before metal evaporation, a 3 second etch in buffered hydrofluoric acid is performed to remove native SiO 2 from the nanowire.
Transparent superconducting contacts are obtained in a final crucial fabrication step: we perform a 10 minute thermal anneal at 180
• C on a hotplate in ambient conditions resulting in a drastic decrease of contact resistance from several MΩ to several kΩ for 10 out of 20 nanowire devices. 7 out of these 10 devices show superconducting transport. We have measured 3 other Josephson field-effect transistors of which 2 exhibit a quantum dot regime, and have lower switching currents in accumulation mode. The other device is highly transparent but could not be fully depleted. We suspect our junction contains a superconducting silicide or germanide [45] [46] [47] [48] [49] [50] caused by Al diffusion from the leads into the nanowire channel. We believe the resulting modified Al-nanowire interface is essential to obtain transparent contacts.
All measurements are performed in a dilution refrigerator at base temperature (∼ 15 mK), which is equipped with copper powder filters to reach electron temperatures as low as 25 mK [51] . For the presented device, a 3-probe configuration is used and a series resistance of 3.46 kΩ due to the measurement lines is subtracted, unless stated otherwise. All experimental data is obtained using DC measurements, from which the differential conductance and resistance plots have been numerically calculated.
JOSEPHSON FIELD-EFFECT TRANSISTOR:
GATE TUNABLE SUPERCURRENT Figure 1b shows the measured voltage V SD as a function of the sourced current I S at five different backgate voltages V BG . A zero-voltage current, i. e., a supercurrent, can be seen for all V BG . When sweeping I S from negative to positive bias, supercurrent first occurs at the retrapping current I R . Upon increasing I S , the device switches again to the normal state at the switching current I C . When reversing the sweep direction, the curves are mirrored. Since Ge-Si nanowires are hole conductors, a more negative V BG increases the number of subbands, i. e., parallel conduction channels, resulting in higher critical currents I C and an increased conductance in the normal state. In Fig. 1b , the ability to tune I C with an applied electric field is clearly demonstrated.
For a more in-depth investigation of the currentvoltage relation as a function of electric field, we turn to the differential resistance ∂V SD /∂I S versus I S and V BG in Fig. 2a . The black region corresponds to a transport regime of dissipationless current measured from negative to positive I S . The transition to the normal state is observed as a very sharp peak in ∂V SD /∂I S at both I S = I C and I S = I R .
Two distinct regimes can be identified as a function of V BG : the Josephson junction regime with finite switching currents throughout −20 < V BG < 1.5 V and the quantum dot regime where I C repeatedly vanishes and reappears for 1.7 < V BG < 4.2 V. While in the JJ regime the device is highly transparent, transport in the QD regime is characterised by an interplay between proximity-induced superconductivity and Coulomb interaction [4, 30] as we will discuss in detail in Fig. 3 .
We extract both |I C | and |I R | from Fig. 2a and plot them together with the normal state conductance G N as a function of V BG in Fig. 2b . G N is obtained as an inverse of ∂V SD /∂I S at I S = 0 and |B| = 2 T to suppress superconductivity. In the JJ regime, we see an overall trend of decreasing I C and G N for increasing V BG which decreases the charge carrier density in the wire. Consequently, the correlated oscillatory pattern between I C and G N is explained by the depopulation of 1D-subbands for increasing V BG [29, 52] .
To quantify the correlation between I C and G N we plot the product I C R N (with R N = 1/G N ). For V BG < −5 V we see that I C R N becomes almost constant and has an average value I C R N = 217 ± 23 µV. This means that I C changes proportionally to G N , indicating that we alter the number of parallel conduction channels. Integer plateaus of 2e 2 /h in G N cannot be clearly distinguished which we attribute to the presence of the confinement potential of the quantum dot in the nanowire channel (see Fig. 3 ). We do stress however, that I C R N = 217 ± 23 is approximately equal to the superconducting gap of our aluminium ∆ Al = 212 µV and is an indication of a high interface transparency between the superconductor and the nanowire [53] .
In the bottom panel of Fig. 2b we plot the normalised excess current eI exc R N /∆ Al which I exc can be considered as the extra current carried by the superconducting state of the junction. When normalised by multiplying with eR N /∆ Al , it gives a direct measure for the scattering parameter Z of an S-N-S junction in the BTK model [54, 55] . I exc is calculated from the zero crossing of a linear fit for I S − V SD at high bias (300-500 nA) well away from I C and R N is the averaged normal-state resistance obtained at high bias (see Fig. SI-3) . We find the average normalised excess current in the JJ regime to be 1.48 ± 0.39, which translates to a scattering parameter Z = 0.4 ± 0.14 and a total junction transparency T = 86 ± 8 %.
Multiple Andreev reflections (MAR) are prominently featured in Fig. 2a as a wavy pattern of lines of increased conductance in the dissipative state. These lines denote steps of V SD = 2∆/n with n an integer denoting the MAR order (see Supplementary Information (SI) Fig. SI-1) , and are therefore correlated to the device conductance G (and G N ), explaining their oscillations as a function of V BG . A requirement for observing higher order MAR is a sudden and homogeneous interface between superconductor and nanowire, albeit with a transmission probability lower than unity [55] , corresponding well to the obtained value for the junction transparency.
Inspecting Fig. 2b , we notice I R to oscillate much stronger than I C or G N as a function of V BG . For values of the ratio I R /I C < 0.7, as is the case in the Josephson junction regime, the Stewart-McCumber parameter can be approximated as β C = (4I C /πI R ) 2 [56] , and values vary from 4 to over a 1000 where I R becomes negligibly small. In a few cases, our junction approaches a critically damped state with I R /I C ≈ 1 (see V BG = −5 V or −2.75 V) indicating a β C close to 1. The retrapping current is not inversely proportional to changes in R N but rather to the subgap resistance. The subgap resistance is very sensitively depending on the presence of states in the gap, for example from MAR as illustrated by their clear correlation to I R and might strongly depend on the applied back gate voltage. To summarize, in the JJ regime, the highly transparent superconductor-nanowire interfaces allow for continuous Josephson current as function of V BG while I C R N ≈ ∆ Al and the damping of the junction smoothly varies from an almost critically damped state to a highly underdamped state.
THE SUPERCONDUCTING QUANTUM DOT REGIME
We now tune our device into the QD regime in Fig. 3 . Here, the nanowire has a low charge carrier density and transport is governed by an interplay between superconductivity and Coulomb interactions [24, 57] . We first look at a voltage-biased measurement in the normal state in Fig. 3a where we apply a |V SD | to the source, measure the current I D from drain to ground and determine the differential conductance ∂I D /∂V SD . We observe a smooth turn-off between V BG = 4.4 -4.9 V as |V SD | increases. The charge switches (black-white pixelated region) right before pinch-off are caused by a nearby defect. To verify depletion of the nanowire at higher V BG , we continued this measurement up to V SD = ±80 mV and V BG = 8 V [58] : no current above the noise level of our measurement setup (≈ 20 fA) was detected and we therefore label V BG > 5 V as depleted (N = 0).
The zoom in Fig. 3b reveals a strongly coupled quantum dot and we identify six Coulomb diamonds, numbered D1 -D6 of alternating size, characteristic for evenodd filling of orbital levels [8] . The crossing of two adjacent diamonds marks the charge degeneracy point where transport takes place via resonant single-particle tunnelling [59] . Fig. SI-2c shows Fig. 3b at B = 0 T with a much smaller V SD and here the Coulomb peaks can be indentified by their modulation of the MAR pattern [15, 60] .
The best resolved diamond, D4, has an addition energy E add ≈ 10 meV and serves to find the gate lever arm α ≈ 0.02 ev/V, which we use to estimate the size of the other diamonds in correspondence with their Coulomb peak spacing. We estimate the charging energy E C of the quantum dot from the average height of the smaller uneven diamonds D1, D3 and D5 for which we find E C ≈ 4 meV. For the larger even diamonds, E add = E C + ∆E where ∆E the orbital energy and E add the total energy to add an unpaired hole on the dot. D2, D4 and D6 give an average E add ≈ 10 meV, resulting in ∆E = E add − E C ≈ 6.0 meV, comparable to the first energy level in a 1-dimensional particle-in-a-box equal to our channel length of 150 nm. We are confident the device operates in the few-hole regime, because we observe charge transitions up to depletion and a corresponding smooth pinch-off above V BG = 4.3 V. Due to the large tunnel broadening and the distortion caused by the bi- stable charge defect, we cannot be completely sure that only a single hole occupies the dot in D1.
We also note the presence of a zero-bias ridge inside the diamonds with uneven charge occupation which we ascribe to the Kondo effect, as observed in numerous other studies of strongly coupled quantum dot [8, 15, 21, 22, 25, [60] [61] [62] [63] [64] [65] [66] . In the current-sourced plot at B = 0 T, multiple regions of superconductivity coincide with the resonant single-particle levels of the strongly coupled quantum dot in Fig. 3b . An exception is D3, where in addition to single-particle levels, the strong Kondo ridge (T k ≈ 20 K as approximated from its full width half maximum (FWHM) as T k = eFWHM/k B [67] ) facilitates a supercurrent inside the diamond [16] . This is reflected in the corresponding peak in I C and G N in Fig. 3d , which is a superposition of two diamond crossings and the Kondo ridge (see Fig. SI-2b for a clearer Kondo ridge).
The tunnel coupling Γ of the dot to the leads is estimated by taking αFWHM of the peaks in G N . For the Coulomb peaks on the D1/D2 crossing and the D4/D5 crossing we find Γ = 1.5 ± 0.3 meV and 5.5 ± 0.8 meV respectively. Comparison of the relevant energy scales Γ ≈ E C , ∆E > ∆ Al shows the quantum dot is strongly coupled to the superconducting leads [4] confirmed by the finite I C through the single-particle levels.
The maximum switching current carried by the single-particle levels is in the order of I C ≈ 10 nA in Fig. 3d , considerably lower than the theoretical maximum I C,MAX = e∆ Al /h = 51 nA [68] , but comparable to results found in literature [6, 29] . We attribute this decreased I C to finite barrier transparencies and coupling to the electromagnetic environment [6, 69, 70] , known to suppress the measured I C up to an order of magnitude in underdamped junctions.
In the QD regime, the normalized excess current eI exc R N /∆ Al gives qualitative information about the state of the junction: it becomes negative inside the Coulomb diamonds and indicates, as expected, transport over a potential barrier [54] . On the other hand, in the superconducting regions around the Coulomb peaks, eI exc R N /∆ Al is positive and appears to exceed the theoretical limit of 8/3. This is caused by resistance variations persisting at high bias due to the presence of the quantum dot in the QD regime. At the diamond edges of D3, eI exc R N /∆ Al shows a double peak representing the two charge degeneracy points which are obscured at low bias by the Kondo ridge.
CONCLUSION
We have shown a Ge-Si nanowire based Josephson junction where the switching current is tunable with an electric field. A new straightforward fabrication technique provides high interface transparencies in the Josephson junction regime confirmed by an I C R N product comparable to the superconducting gap of our aluminium. Near depletion, we observe the superconducting quantum dot regime where supercurrents are carried by single-particle levels in a strongly coupled quantum dot operating in the few-hole regime. We demonstrate for the first time access to both regimes in a single device. These results pave the way for a wide range of followup experiments, and combined with the predicted strong spin-orbit interaction [41] provide a promising platform for Majorana fermions [42] . 
